We assessed the predictive factors for outcome and response in 123 patients with chronic myeloid leukemia in chronic phase treated with second-generation tyrosine kinase inhibitors (TKIs) after imatinib failure. Better event-free survival rates with second-generation TKI therapy were associated with a previous cytogenetic response to imatinib (P < .001) and a performance status of 0 (P ‫؍‬ .001). Patients with 0, 1, or 2 adverse factors had 2-year event-free survival rates of 78%, 49%, and 20% (P < .001), respectively; 2-year overall survival rates of 95%, 85%, and 40%, (P ‫؍‬ .002), respectively; and a 12-month probability of achieving a major cytogenetic response of 64%, 36%, and 20% (P ‫؍‬ .007), respectively. In conclusion, patients with poor performance status and no previous cytogenetic response to imatinib therapy have a low likelihood of responding to second-generation TKI with poor event-free survival and therefore should be offered additional treatment options. This scoring system could serve to advise patients of their prognosis and treatment options, as well as to evaluate the benefit of newer alternate
Introduction
The successful introduction of the tyrosine kinase inhibitors (TKIs), which suppress the molecular processes driving chronic myeloid leukemia (CML), has revolutionized the management and outlook in CML. 1 Imatinib mesylate therapy induced high rates of complete cytogenetic and major molecular responses, and improved survival in CML. [2] [3] [4] [5] After imatinib treatment, more than 90% of patients obtain complete hematologic response, and more than 80% achieve a complete cytogenetic response. With 8 years of follow-up, the results are still very favorable, resulting in a major change in the natural history of the disease. 6 Despite the benefit of imatinib over prior treatments, some patients may develop resistance, 7 with a reported annual resistance rate of 2% to 4% in newly diagnosed patients in chronic phase, the incidence decreasing over time. 8 Novel more potent TKIs, such as dasatinib, nilotinib, and bosutinib, have been developed to overcome imatinib resistance. [9] [10] [11] These agents have shown significant activity after failure of imatinib therapy, with high rates of hematologic and cytogenetic responses.
The aims of the study were to assess the predictive factors for outcome and response in patients with chronic-phase CML treated with second-generation TKIs after imatinib failure.
Methods
A total of 123 patients with CML in chronic phase after imatinib failure were treated with second-generation TKIs in phase 2 pivotal trials. Entry criteria were similar for both trials. A total of 78 (63%) patients were treated with dasatinib and 45 (37%) with nilotinib. Chronic-phase CML was defined as the presence of blasts less than 15%, basophils less than 20%, blasts and promyelocytes less than 30%, and platelets more than 100 ϫ 10 9 /L. 12 The definitions of imatinib failure have been previously described 13, 14 and are generally aligned with those later proposed by the European LeukemiaNet. 15 Patients were treated with M. D. Anderson Cancer Center Institutional Review Board-approved protocols. Informed consent was obtained in accordance with the Declaration of Helsinki. Response criteria were as previously described. 2 A complete hematologic response (CHR) was defined as a white blood cell count of less than 10 ϫ 10 9 /L, a platelet count of less than 450 ϫ 10 9 /L, no immature cells (blasts, promyelocytes, myelocytes) in the peripheral blood, and disappearance of all signs and symptoms related to leukemia (including palpable splenomegaly). This was further categorized by the best cytogenetic remission as complete (0% Philadelphia chromosome-positive metaphases, [Ph ϩ ]), partial (1%-35% Ph ϩ ), minor (36%-65% Ph ϩ ), and minimal (66%-95% Ph ϩ ). A major cytogenetic response (MCyR) included complete plus partial cytogenetic responses (ie, Յ 35% Ph ϩ ). Response rates were calculated based on intention to treat.
Event-free survival (EFS) was measured from the start of treatment to the date of any of the following events while on therapy: death from any cause, loss of complete hematologic response, loss of complete cytogenetic response, discontinuation of therapy for toxicity or lack of efficacy, or progression to accelerated or blast phases. Survival probabilities were estimated by the Kaplan-Meier method and compared by the log-rank test.
Mutation analysis was performed as previously described. 16 The published 50% inhibitory concentration (IC 50 ) values for each drug for in vitro inhibition (in cell lines) of kinase activity of particular mutated BCR-ABL [17] [18] [19] [20] [21] [22] [23] were used to classify mutations into high, intermediate, and low sensitivity to dasatinib (IC 50 values Յ 3nM, 3-60nM, and Ͼ 60nM, respectively) and nilotinib (IC 50 values Յ 50nM, 50-500nM, and Ͼ 500nM, respectively). Whenever a discrepancy in reported IC 50 values was identified between different reports, the worst case scenario was adopted (ie, the highest IC 50 to the corresponding TKI). Patients with multiple mutations were classified based on the mutation with the highest IC 50 .
Differences among variables were evaluated by the 2 test and Mann-Whitney U test for categorical and continuous variables, respectively. Univariate and multivariate analyses were performed to identify potential prognostic factors associated with MCyR and survival. Factors retaining significance in the multivariate model were interpreted as being independently predictive of MCyR. Multivariate analysis of response used logistic regression model and survival used the Cox proportional hazard model. [24] [25] [26] 
Results

Patients
A total of 123 patients with chronic-phase CML after imatinib failure treated with dasatinib (n ϭ 78) or nilotinib (n ϭ 45) were analyzed. Their characteristics are summarized in Table 1 . Their median age was 56 years (range, 21-83 years). The median duration of chronic phase (CML diagnosis to start of second-generation TKI) was 67 months (range, 2-268 months). Their best response to imatinib was CHR only in 24% and cytogenetic response in 63% (28% complete, 17% partial, and 18% minor). Among the others, 2 patients were refractory to imatinib, 6 had unknown response, and 8 were intolerant. Twenty-nine patients (24%) had a performance status more than 0; only 6 of them were found to be possibly related to imatinib adverse events, and the rest of them were the result of disease progression, comorbidities, and older age. There was no difference in the patients' characteristics between patients treated with dasatinib and those treated with nilotinib (data not shown).
At the start of second-generation TKI, 84 (68%) patients had active disease (ie, not in CHR). A total of 23% had clonal evolution, and 70% had more than 90% Ph ϩ metaphases. Kinase domain sequencing was performed before the start of therapy in 80 (65%) patients. Mutations were detected in 48% of these patients: 19% were harboring sensitive mutations to dasatinib and nilotinib defined by in vitro IC 50 values less than or equal to 3nM and 50nM, respectively; and 10% harbored intermediate sensitivity mutations to dasatinib and nilotinib defined by IC 50 values between 3 and 60nM and 50 and 500nM, respectively 16 ; patients with the T315I mutation were excluded from this analysis. The most common mutations observed were G250E (n ϭ 8), M351T (n ϭ 6), and F317L (n ϭ 5).
The median follow-up time was 38 months (range, 13-67 months) from the start of the second-generation TKI. At the time of last follow-up, 94 of the 123 patients (76%) were alive, 46 (37%) remained in chronic-phase on study receiving second-generation TKI therapy. Seventy-seven patients (63%) were taken off therapy for the following reasons: 40 (32%) disease progression, 15 (12%) for toxicity, lack of compliance in 4 (3%), 10 (8%) were lost to follow-up, 3 (2%) (2 in complete, one in partial cytogenetic response) received an allogeneic stem cell transplantation, 4 (3%) died on treatment from non-CML-related causes, and one the result of other significant clinical event (altered mental status and recurrent urinary tract infections).
Response to second-generation TKI
Responses to second-generation TKI are shown in Table 2 . The CHR rates were 87% and 84% in patients treated with dasatinib and nilotinib, respectively (P ϭ .75). The MCyR rates were 64% and 62% (P ϭ .85), and the complete cytogenetic response rates were 60% and 56% (P ϭ .70). The rates of cytogenetic response at 6 and 12 months were 63% and 55% (P ϭ .44) and 69% and 51% (P ϭ .07) in patients treated with dasatinib and nilotinib, respectively, and the rates of complete cytogenetic response at these same time points were 41% and 36% (P ϭ .7) and 48% and 35% (P ϭ .18), respectively. The 3-year EFS and overall survival rates were 53% and 84%, respectively.
Predictive factors for survival after treatment with second-generation TKI Table 3 summarizes the association between patient and disease characteristics and outcome. In the univariate analysis for EFS, factors associated with poor EFS were older age (Ͼ 55 years), lack of any cytogenetic response to previous imatinib therapy, an Eastern Cooperative Oncology Group performance status more than or equal to 1 at the start of second-generation TKI therapy, and more than or equal to 90% Ph ϩ metaphases at the start of second-generation TKI therapy. In a multivariate analysis, the lack 
any cytogenetic response to previous imatinib therapy (P Ͻ .001) and an Eastern Cooperative Oncology Group performance status more than or equal to 1 at the start of second-generation TKI therapy (P ϭ .007) were selected as independent factors associated with poor EFS. The relative impact of each of these 2 factors on EFS was similar. Thus, we assigned an arbitrary value of 1 to each of them. Patients with 0, 1, or 2 adverse factors had an estimated 24-month EFS with second-generation TKI therapy of 78%, 49%, and 20%, respectively (Figure 1 ).
Factors associated with poor overall survival in the univariate analysis were older age (Ͼ 55 years), increasing blood and marrow blasts, lack of any cytogenetic response to previous imatinib therapy, and an Eastern Cooperative Oncology Group performance status more than or equal to 1 at the start of second-generation TKI therapy. In a multivariate analysis, only a performance status more than or equal to 1 (P Ͻ .001) was independently associated with a lower probability of survival.
Impact of the achievement of an early cytogenetic response
Achieving an MCyR is a known major determinant of outcome in previous generations of therapy, including interferon-␣ and imatinib. In a previous report from our institution, patients who achieved a MCyR by 12 months from start of therapy with second-generation TKI had an improved EFS. 27 We thus conducted a repeat multivariate analysis using a 12-month landmark. Adding the 12-month MCyR to the multivariate analysis revealed that lack of a 12-month MCyR to therapy constituted the only independent adverse factor for EFS (P Ͻ .001; For personal use only. on June 7, 2017 . by guest www.bloodjournal.org From hazard ratio ϭ 2.3), displacing all other factors. In contrast, a performance status more than or equal to 1 (P ϭ .02; hazard ratio ϭ 2.4) constituted the only independent adverse factor for survival.
Therefore, we analyzed factors that were associated with the 12-month achievement of a MCyR. In the univariate analysis, younger age, high hemoglobin level, previous cytogenetic response to imatinib therapy, and less than or equal to 90% Ph ϩ metaphases were associated with the achievement of a MCyR at 12 months of therapy with second-generation TKI. In the subsequent multivariate analysis for response, the lack of any cytogenetic response to imatinib therapy (P ϭ .01) was the sole independent predictive factor for 12-month MCyR (Table 3) . Sokal score at the start of second-generation TKI therapy did not impact survival or the achievement of a 12-month MCyR.
Predictive model for outcome
Based on these findings, we applied the risk factors identified as independent predictors for EFS to determine whether they can predict for response and overall survival after therapy with second-generation TKI (Table 4) . These 2 factors (performance status and response to imatinib) had similar effect on the EFS according to their efficient obtained from the model. Three prognostic risk groups are thus proposed according to the number of risk factors: (1) low risk (no adverse factors; 48% of patients), with an estimated 2-year EFS of 78% (median not reached); (2) intermediate risk (one adverse factor; 39% of patients), with an estimated 2-year EFS of 49% (a median of 21 months); and (3) high risk (2 adverse factors; 4% of patients), with an estimated 2-year EFS of 20% (a median of 7 months) ( Figure 1 ). As shown in Table  4 , this model also predicts for the 12-month probability of achieving an MCyR and for overall survival. The 12-month probabilities of achieving an MCyR for patients with low, intermediate, and high risk were 64%, 36%, and 20%, respectively (P ϭ .007). The estimated 2-year overall survival rates were 95%, 85%, and 40%, respectively (P ϭ .002) (Figure 2 ).
Discussion
The availability of second-generation TKIs has provided new therapeutic options for patients with CML after imatinib failure. Our study of patients with chronic-phase CML after imatinib failure is a large-scale, single-institution analysis evaluating the long-term results of patients treated with second-generation TKIs. It assessed pretreatment factors that might be associated with response and outcome after second-generation TKI therapy, including some factors that were not included in the analysis of the multinational studies (eg, the performance status at the start of second TKI therapy, the percentage of Ph ϩ metaphases, the percentage of blood and marrow basophils and blasts), 13, 14 as well as other treatment-associated variables.
The longer-term follow-up results in this study of patients with chronic-phase CML after imatinib failure treated with secondgeneration TKI were encouraging. Overall, 86% of patients achieved CHR, and 74% had a cytogenetic response, which was major in 63% and complete in 59%. The estimated 36-month EFS and overall survival rates were 53% and 84%, respectively. Thus, the results with second-generation TKI therapy continue to be positive with longer follow-up.
Better survival rates were observed in patients who had experienced cytogenetic relapse or had been intolerant to imatinib therapy than in those treated for hematologic relapse or resistance. Similarly, better rates were noted in patients with a good performance status. Better MCyR rates to second-generation TKI therapy were also observed in patients who had experienced previous cytogenetic response to imatinib therapy. Achievement of MCyR has been associated with improved long-term survival in CML. 12 Complete cytogenetic responses after interferon-␣ therapy have been associated with 10-year survival rates as high as 80%, 12 and 97% at 5 years after imatinib therapy. 6 In this study, the multivariate analysis identified a lack of any cytogenetic response on imatinib therapy (P Ͻ .001) and a poor performance status 
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BLOOD, 10 FEBRUARY 2011 ⅐ VOLUME 117, NUMBER 6 For personal use only. on June 7, 2017 . by guest www.bloodjournal.org From (P ϭ .007) as independent poor predictive factors of outcome. These findings are consistent with previous experience with imatinib therapy after interferon failure, where disease characteristics associated with a more aggressive form of disease (eg, high basophil percentage, lack of CHR at the start of therapy, and high percentage of Ph ϩ metaphases) were associated with poor response to imatinib therapy, suggesting the presence of aggressive clones with intrinsic resistance to therapy. 12 The multivariate analysis for EFS identified 2 simple predictive factors that could estimate patient prognosis by the presence or absence of 0 (low-risk), 1 (intermediate-risk), or 2 (high-risk) factors: the 2-year EFS rates were 78%, 49%, and 20% (P Ͻ .001), respectively; the 3-year overall survival rates were 95%, 85%, and 40% (P ϭ .002), respectively; and the 12-month probability of achieving an MCyR was 64%, 36%, and 20% (P ϭ .007), respectively.
Recently, the Hammersmith group identified 4 factors as independently associated with the achievement of complete cytogenetic response on second-generation TKI therapy: low Sokal risk score at diagnosis, best cytogenetic response obtained on imatinib, occurrence of neutropenia at any time during imatinib therapy that required imatinib dose reduction below 400 mg/day despite growth factor support, and time from detection of imatinib failure to start of second TKI. 28 In our study, 61% of the patients were referred to us after imatinib failure; therefore, we could not obtain accurate information regarding the Sokal score at diagnosis, the occurrence of neutropenia during imatinib therapy, and the exact time of imatinib failure. The time from which the patient was taken off imatinib to second-generation TKI, however, was not identified as a significant factor for EFS. The best cytogenetic response on imatinib therapy was, in contrast, identified as an independent factor for the outcome by both the M. D. Anderson Cancer Center and the Hammersmith group. A validation of our scoring system on an independent cohort of patients is needed.
Our model is a simple scoring system that is easily applicable in the clinic provided patients were adequately monitored during imatinib therapy, allowing assessment of their response to it. This scoring system could serve to advise patients of their prognosis and treatment options. Patients in the high-risk category clearly need alternative options. How this information is applied clearly depends also on other variables, such as the age of the patient and the alternatives available. For example, a younger patient with a sibling donor who has 2 adverse risk features would be well advised to pursue a stem cell transplantation at the time of imatinib failure. A trial of second-generation TKI could be done while preparing for a transplantation, but in view of the poor long-term prognosis, transplantation would be recommended when available. In contrast, an older patient or one with no donor might still find treatment with second-generation TKI their best option. However, close monitoring is required, and alternative options, such as new TKI (eg, ponatinib, DCC2036, XL228), or other new agents (eg, omacetaxine), could be considered, particularly if response is proving to be suboptimal at early time points after the start of therapy.
Achieving a 12-month MCyR is a known major determinant of outcome in previous generations of therapy, including interferon-␣ 5 and imatinib, 5 and in patients treated with secondgeneration TKI. 27 Our 12-month landmark analysis revealed that a 12-month MCyR is the sole independent predictive factor for EFS after the start of therapy; and therefore, the achievement of an MCyR by 12 months may compensate for the presence of unfavorable baseline factors. This is in line with the results of the pivotal trial where the 2-year progression-free survival rates were 94% and 79% in patients with and without a 12-month MCyR, respectively. 29 In conclusion, the outcome of patients after imatinib failure treated with second-generation TKIs is mainly dependent on whether patients had achieved a cytogenetic response to imatinib and on performance status at the start of therapy. Patients with poor performance status and no previous cytogenetic response to imatinib therapy have a low probability of responding to secondgeneration TKI with poor EFS and could therefore be offered additional treatment options.
